We examine the space-time structure of the particle-emitting sources with fluctuating initial conditions in smoothed particle hydrodynamics. The two-pion correlation functions of single events for the sources exhibit event-by-event fluctuations. The large event-by-event fluctuations and wide distributions of the error-inverse-weighted fluctuations between the HBT correlation functions of single and mixed events are important features for the sources with the fluctuating initial conditions. The root-mean-square of the weighted fluctuations is a signal to detect the inhomogeneity of the systems produced in high energy heavy ion collisions.
I. INTRODUCTION
The main physics goal of heavy ion collisions at the BNL Relativistic Heavy Ion Collider (RHIC) is the study of the extremely hot and dense matter, the quark-gluon plasma (QGP), formed in the early stage of the collisions. Hydrodynamics may provide a direct link between the early state of the matter and final observables and has been extensively used in high energy heavy ion collisions. The hydrodynamic calculations with the equation of state of the QGP agree well with the RHIC v 2 data of the elliptic flow at low transverse momentum p T < 2 GeV [1, 2, 3, 4, 5] , which is believed as an important evidence of the existence of a strongly coupled QGP in the early stages of the collisions [6, 7, 8, 9, 10] . However, hydrodynamic results can not explain the RHIC HanburyBrown-Twiss (HBT) measurements, R out /R side ≈ 1 [11, 12, 13, 14] . It is the so-called HBT puzzle.
In Ref. [15] a granular source model of QGP droplets evolving hydrodynamically was put forth to explain the HBT puzzle. The suggestion was based on the observation that in the hydrodynamic calculations for the granular source the average particle emission time scales with the initial radius of the droplet, whereas the spacial size of the source is the scale of the distribution of the droplets. For a granular source with many of the small droplets distributed in a relatively large region, the HBT radius R out can be close to R side [15] . In Ref. [16] the authors further investigated the elliptic flow and HBT radii as a function of the particle transverse momentum for an improved granular source model of QGP droplets. They argued that although a granular structure was suggested earlier as the signature of a first-order * wnzhang@dlut.edu.cn phase transition [15, 17, 18, 19, 20, 21, 22, 23, 24] , the occurrence of granular structure may not be limited to first-order phase transition [16, 25] . In an event-by-event basis, the initial transverse distribution of energy density in nucleus-nucleus collisions have been known to be highly fluctuating [26, 27, 28] . This large spatial fluctuation may facilitate the occurrence of instability of the system during it violent expansion subsequently and the fragmentation to many granular droplets together with surface tension effect [16, 25] . So, the examination of the space-time structure in event-by-event basis is important to understand the system evolution and the HBT puzzle.
Smoothed Particle Hydrodynamics (SPH) is a suitable candidate that can be used to treat the system evolution with large fluctuating initial conditions for investigating event-by-event attributes in high energy heavy ion collisions [28, 29] . The main idea of SPH is the parametrization of the fluid in terms of discrete Lagrangian coordinates attached to small volumes (call 'particles') with some conserved quantities in hydrodynamics [28, 29, 30] . NEXSPHERIO is a SPH code [28, 31, 32] with event-by-event initial conditions generated by NEXUS event simulator [27] . It has been used to study a wide range of problems in high energy heavy ion collisions [28, 29, 31, 32, 33, 34, 35] . In this article we use NEXSPHERIO to simulate the evolution of the system produced in the collisions of √ s N N = 200 GeV Au+Au at RHIC. We will examine the space-time structure of the systems and investigate the two-pion HBT correlation functions in event-by-event basis. Our results show that the systems are inhomogeneous in space and time both for a first-order and a cross-over transitions between the QGP and hadronic phase. There are "lumps" in different regions of the system. The two-pion HBT correlation functions in event-by-event basis exhibit large fluctuations, which lead to a wide distribution of the error-inverse-weighted fluctuations between the HBT correlation functions of single and mixed events. These large fluctuations and wide distributions are important features for the sources with event-by-event fluctuating initial conditions. The root-mean-square of the weighted fluctuations is a signal to detect the inhomogeneity of the systems produced in high energy heavy ion collisions.
II. SYSTEM EVOLUTION AND SPACE-TIME STRUCTURE
In hydrodynamics the behavior of system evolution is determined by the initial conditions and the equation of state (EOS) of the system. The system initial states of NEXSPHERIO are given by the NEXUS code, which can provide detailed space distributions of energy-momentum tensor, baryon-number, strangeness, and charge densities at a given initial time (which is taken to be τ 0 = 1 fm in our calculations), in event-by-event basis [27, 28] . In our calculations we use two kinds of EOS. The first one, EOS-I, considers a first-order phase transition at T c = 160 MeV between a QGP and a hadronic resonance gas as used in Refs. [31, 33] . The QGP is an ideal gas of massless quarks (u, d, s) and gluons and the hadronic gas contains the resonances with mass below 2.5 GeV/c 2 , where volume correction is taken into account [31, 33] . Because at RHIC energy the net baryon constituent is very small and the phase transition is a smooth cross over, in the mid-rapidity region of the heavy ion collisions, a modification for the EOS with first-order phase transition in the hydrodynamical code should be considered [28, 34] . Accordingly, we introduce EOS-II which is obtained by smoothing the EOS-I in the transition region with the entropy density suggested by QCD lattice results [15, 36, 37, 38, 39] . Fig. 1 shows the relations of the thermodynamical quantities for the systems evolving with the EOS-I (grey) and the EOS-II (black), where s, ǫ, and P are entropy density, energy density, and pressure of the system. The width of the transition ∆T for the EOS-II is taken as 0.1T c [38] .
The coordinates used in NEXSPHERIO are τ = √ t 2 − z 2 , x, y, and , 29, 31] . They are convenient for a system with rapid longitudinal expansion. However, in order to examine the space-time structure of the system with nonlocal coordinates we work in the center-of-mass frame of the system. 
show the pictures of the transverse distributions of energy density for the events with different impact parameters and evolving with EOS-I and EOS-II, respectively. One can see that the number of the lumps in the system decreases with impact parameter increasing. Because the systems evolving with the two kinds of EOSs have the similar space-time structure, we will consider only the EOS-II in our calculations later.
III. TWO-PION CORRELATION FUNCTIONS IN EVENT-BY-EVENT BASIS
Two-pion interferometry is a powerful tool for probing the space-time structure of particle-emitting source. For the source with dense and void density oscillations, the single-event HBT correlation functions will appear fluctuations relative to the mixed-event HBT correlation functions [23, 24] . The fluctuation patterns are different event-by-event.
Assuming that final identical pions are emitted at a system configuration characterized by a freeze-out temperature T f , we may generate the pion momenta according to Bose-Einstein distribution and construct the single-event and mixed-event two-pion correlation functions [16, 24] for NEXSPHERIO events. Fig. 4 shows the two-pion correlation functions C(q side , q out , q long ) for the NEXSPHERIO events with different impact parameters. Here q side , q out , and q long are the components of "side", "out", and "long" of relative momentum of pion pair [40, 41] , which are calculated in the LCMS frame [12] . In each panel of Fig. 4 , the dashed lines give the correlation functions for a sample of different single events and the solid line is for the mixed event obtained by averaging over 40 single events. In the present calculations, the freeze-out temperature is taken to be 150 MeV. For each single event the total number of generated pion pairs in the relative momentum region (q side , q out , q long ≤ 200 MeV/c) is N ππ = 10 6 and the numbers of the pion pairs in the relative momentum regions (q i ≤ 200 MeV/c; q j , q k ≤ 30 MeV/c) are about 2.7%N ππ , where i, j, and k denote "side", "out", and "long".
From Fig. 4 it can be seen that the correlation functions for single events exhibit fluctuations relative to those for mixed events. These fluctuations are larger for bigger impact parameter. It is because that the number of the lumps in system decreases with the impact parameter and the fluctuations are larger for the source with smaller number of lumps [23, 24] . It also can be seen that in the longitudinal direction the correlation functions exhibit oscillations which can not be smoothed out by event mixing. This is because that there are two subsources moving forward and backward the beam direc- tion. By applying an additional cut for the initial rapidity of the "smoothed particles", η 0 > 0, we find that the oscillations of the mixed-event correlation functions are smoothed out as shown in Fig. 5(c) .
IV. DISTRIBUTION OF THE FLUCTUATION OF SINGLE-EVENT HBT CORRELATION FUNCTION
In last section we show that the two-pion correlation functions of single events exhibit event-by-event fluctuations. In realistic experimental situations, the number of identical pion pairs in each single event is limited. Traditional HBT measurements are based on mixed-event analysis because of statistics. The event-by-event fluctuations are smoothed out in the mixed-event analysis. In order to observe the event-by-event fluctuations, we next investigate the distribution dN/df of the fluctuations between the correlation functions of single and mixed events, |C s (q i ) − C m (q i )|, with their error-inverses as weights [24] ,
In the calculations, we take the width of the relative momentum q i bin as 10 MeV and use the bins in the region 20 ≤ q i ≤ 200 MeV. The up panels of Fig. 6 show the distributions of f in the "side", "out", and "long" directions, obtained from 40 simulated vents. The impact parameter for these events is 5 fm (b = 5 fm) and the number of correlated pion pairs for each of these events is 10 7 (N ππ = 10 7 ). The thick lines are the results for the events with fluctuating initial conditions (FIC). Because in the last analysis the fluctuations of the single-event correlation functions are from the FIC, for comparison we also investigate the distribution dN/df for the events with the smooth initial conditions (SIC) obtained by averaging over 30 random NEXUS events [28, 33, 34] (although it is not a realistic case). It can be seen that the f distributions for FIC are wider for the higher freezeout temperature T f = 150 MeV than those for the lower T f = 125 MeV, and both for the freeze-out temperatures the distributions for FIC are much wider than the corresponding results for SIC. The down panels of Fig. 6 show the distributions of f for 40 simulated events with b = 5 fm and N ππ = 5 × 10 6 . It can bee seen that the distributions for FIC are also wider than those for SIC in this case.
In experiments the number of correlated pion pairs in one event, N ππ , is limited. It is related to the energy √ s N N of the collisions. For a finite N ππ , sometimes we have to reduce variable numbers in data analyses although it will lose some details. In Fig. 7 we show the distributions of f for the variables of the transverse relative momentum q trans and the relative momentum q for 40 events with b = 5 fm. One can see that for N ππ = 5×10 6 , the distributions for FIC are much wider than those for SIC both for q trans and q. Even for N ππ = 5 × 10 5 , the widths for FIC are visibly larger than those for SIC for q. In order to examine quantitatively, we calculate the rootmean-square (RMS) of the f . Figure 8 shows the RMS at CERN, M π will be about two thousands and the order of N ππ will be 10 6 . Our results indicate that if the particle-emitting sources at LHC energy have the similar inhomogeneity as that at RHIC energy, the RMS of f at LHC energy will be much larger than the corresponding result at RHIC energy. The distributions of f and their RMS are useful observables for the inhomogeneity of the sources.
V. CONCLUSION
In an event-by-event basis, the initial density distribution of matter in nucleus-nucleus collisions have been known to be highly fluctuating. The fluctuating initial conditions lead to event-by-event inhomogeneous particle-emitting sources. For these sources the two-pion HBT correlation functions of single events exhibit eventby-event fluctuations. Because of data statistics traditional HBT measurements are mixed-event analysis. In these measurements the fluctuations of the correlation functions of single events are smoothed out. In order to observe the fluctuations we examine the distributions of the error-inverse-weighted fluctuations between the HBT correlation functions of single and mixed events. We find that the distributions and the RMS of the weighted fluctuations are useful observables for the inhomogeneity of the sources. If the particle-emitting sources produced in the heavy ion collisions at LHC energy are inhomogeneous, these RMS will be much larger than those at RHIC energy.
